This study was performed to investigate the ability of breathing chest radiography using flat-panel detector (FPD) to quantify relative local ventilation. Dynamic chest radiographs during respiration were obtained using a modified FPD system. Imaging was performed in three different positions, ie, standing and right and left decubitus positions, to change the distribution of local ventilation. We measured the average pixel value in the local lung area. Subsequently, the interframe differences, as well as difference values between maximum inspiratory and expiratory phases, were calculated. The results were visualized as images in the form of a color display to show more or less x-ray translucency. Temporal changes and spatial distribution of the results were then compared to lung physiology. In the results, the average pixel value in each lung was associated with respiratory phase. In all positions, respiratory changes of pixel value in the lower area were greater than those in the upper area (P G 0.01), which was the same tendency as the regional differences in ventilation determined by respiratory physiology. In addition, in the decubitus position, it was observed that areas with large respiratory changes in pixel value moved up in the vertical direction during expiration, which was considered to be airway closure. In conclusion, breathing chest radiography using FPD was shown to be capable of quantifying relative ventilation in local lung area and detecting regional differences in ventilation and timing of airway closure. This method is expected to be useful as a new diagnostic imaging modality for evaluating relative local ventilation.
INTRODUCTION

Background
T he lung vessels and bronchial volume per unit volume change dynamically due to respiration. These changes are reflected in respiratory changes in x-ray translucency on chest radiographs. 1 Many investigators have evaluated regional lung ventilation using x-ray fluoroscopy. However, this method has not been adopted for clinical use because of technical limitations.
2Y8
There have also been many reports of the feasibility of pulmonary densitometry, but this technique has not seen widespread adoption due to the need for special instrumentation, limited field of view, and image distortion. 9 ,10 Dynamic flatpanel detectors (FPD) can provide sequential radiographs with a large field of view and high image quality.
11 Dynamic FPD will be used more widely in the near future, and it overcomes the above difficulties. Moreover, computerized analysis of the digital images obtained would allow real-time quantitative assessment. Therefore, we focused on kinetic imaging using a dynamic FPD and developed computerized methods for quantifying and visualizing respiratory kinetics, such as diaphragmatic movement and regional lung ventilation. 12Y15 The results of a preliminary clinical study indicated the clinical usefulness of our method in some pulmonary diseases: in emphysema patients, areas with trapped air were indicated as areas with decreased respiratory changes in pixel values. Although this method is inferior to dynamic magnetic resonance imaging (MRI) and computed tomography (CT) because of the lack of 3-dimensional anatomical information, it can be used as a rapid and simple substitute for quantitative assessment of diaphragmatic movement and regional ventilation with dynamic MRI 16Y31 and CT. 32Y35 However, the ability of our method to detect local ventilation remains to be resolved. The present study was performed to investigate the ability of breathing chest radiography using a dynamic FPD to detect ventilation and regional differences in ventilation. In particular, we examined spatial and temporal changes in pixel values on dynamic chest radiographs and clarified their mechanism according to respiratory physiology as described below.
Respiratory Physiology
Local changes in x-ray translucency during respiration are dependent on relative increases and decreases in air and lung vessel volume per unit volume.
1 Thus, it may be possible to evaluate relative ventilation quantitatively from respiratory changes in x-ray translucency on dynamic chest radiographs. It is well known that there are regional differences in ventilation in respiratory physiology. 36 As described by West, 36 ventilation per unit volume is greatest near the bottom of the lung and becomes progressively smaller toward the top. This is because of differences in pressure on local lung area due to the weight of the lung itself. Other measurements showed that when the subject is in the decubitus position (lying on his/her side), this difference disappears and apical and basal ventilation become equivalent. However, in this posture, ventilation of the dependent lung exceeds that of the upper area. On the other hand, at the end of expiration, the lower airway closes earlier than the upper airway due to the differences in air pressure of the thoracic cavity, ie, airway closure, and the ventilation in the upper area becomes greater than that in the lower area. The lung volume when airway closure occurs is defined as the Bclosing volume^, which is a very effective index for diagnosing pulmonary diseases. For example, in subjects with chronic obstructive pulmonary disease (COPD) and restrictive pulmonary disease, airway closure appears in early expiratory phase, and as a result, closing volume becomes large.
MATERIALS AND METHODS
Image Acquisition
Dynamic chest radiographs of six normal subjects (21Y52 years old male; mean, 23 years old) were obtained during respiration using a modified FPD system (CXDI-40G, Canon, Tokyo, Japan), x-ray device (KXO 80G, Toshiba, Tokyo, Japan), and x-ray tube (DRX 2724HD 0.6/1.2, Toshiba). Imaging was performed in three different positions (standing and right and left decubitus positions) (Fig. 1) to change the distribution of local ventilation by changing the pressure caused by the lung's own weight in each area. The subjects had no underlying asthma or smoking history, and an experienced radiologist confirmed that their chest radiographs were normal. In addition, the results of a pulmonary function test also showed that they were normal. The subjects were instructed to respire according to an automated voice to maintain reproducibility and ensure that both respiratory phases were included in the images. The automated voice system instructed the subjects to perform expiration for 5 s from maximum inspiration and inspiration for 5 s from maximum expiration. The subjects practiced the method of respiration several times before imaging.
The modified FPD was an indirect type made of GOS [Gd 2 O 2 S (Tb)], and was capable of taking images at up to six frames per second. Exposure conditions were 110 kV, 80 mA, 6.3 ms, a sourceto-image distance of 2 m, three frames per second, and 2-mm Al filter. The entrance surface dose for 30 frames, measured in air without backscattering, was approximately 0.4 mGy, which was 1.5-fold greater than that of conventional posterioranterior (PA) chest radiography using a Fuji Computed Radiography system (Fuji Medical Systems, Tokyo, Japan) in our hospital. The matrix size was 1,344 Â 1,344 pixels, the pixel size was 320 Â 320 mm, and the gray-level range of the images was 4,096. Approval for the study was obtained from our institutional review board before beginning any research involving human subjects or clinical information, and the subjects gave their written informed consent to participation.
Low pixel values were related to dark areas in the images, and this in turn was related to high x-ray translucency in this system. The pixel value was inversely proportional to the logarithm of the incident exposure into the FPD as below:
Entrance dose to the detector X X-ray translucency of subject Although this study was performed to measure x-ray translucency, we measured pixel value for ease of handling.
Image Analysis
Preprocessing
Image analysis was performed on a personal computer (operating system, Windows 2000, Microsoft, Redmond, WA, United States; CPU, Pentium 4, 2.6 GHz; memory, 1 GB) with our algorithm described below (development environment, C++Builder, Borland, Scotts Valley, CA, United States).
The lung area was determined by edge detection using the first derivative technique and an iterative contour-smoothing algorithm.
37, 38 The distance from the lung apex to the diaphragm (DLD) was measured by the edge detection technique for use as an index of respiratory phase. The point for measurement was the uppermost point of the lung to one point of the diaphragm dome, determined as the midpoint between the mediastinum and rib cage, as shown in Figure 1. 14 The locations of the mediastinum and rib cage were determined based on the midpoint of the length of the longer lung. We then investigated the extents to which the respiratory physiology described in the BIntroduction^was reflected in dynamic chest radiographs.
Evaluation of the Ability of our Method to Detect Ventilation
To examine the ability of our method to detect ventilation, we investigated the relationship between pixel value in each lung and DLD, ie, respiratory phase. We measured average pixel values in each lung and calculated correlation coefficients and regression lines between the interframe differences of the average pixel value (D-frame) and the interframe differences of DLD. Statistical significance of the difference between correlation coefficients in each lung was then Differences in regression slopes were also compared in each lung. To examine whether our method could quantify relative inspiratory capacity (IC) of each lung during one respiratory cycle, difference values of the average pixel value between maximum inspiratory and expiratory phase (D-max) were also calculated, and the significance of differences in both lungs was evaluated by Student's t test. The ratios of Dmax in the right lung to that in the left lung were also calculated based on D-max of the right lung in the PA standing position. Subsequently, to examine the ability of our system to detect relative ventilation of each lung at the instance and timing of airway closure per lung unit, Dframes of each lung were compared in both lungs by subtracting the absolute D-frame of one lung from that of the other. Definitions of D-max and D-frame are given in Eq. 2 and in Figure 2 .
P Average pixel value MIP Maximum inspiratory phase MEP Maximum expiratory phase
Evaluation of the Ability of our Method to Detect Regional Differences in Ventilation
To examine the ability of our method to detect regional differences in ventilation, the recognized lung areas were divided equally into horizontal zones throughout all frames as shown in Figures 3  and 4 , and the average pixel values of each zone were then calculated. The horizontal or vertical division into relatively large areas was used to reduce the influence of differences in rib content and displacement in each area and to easily compare the measured average pixel values with regional differences in ventilation, which varies significantly in the vertical direction more than in the horizontal direction. D-max in each zone was also calculated, and the trend of distribution was evaluated by two-way analysis of variance in six normal subjects to test the null hypothesis that there were no differences in D-max in each zone. Furthermore, to examine the ability of our method to detect the timing of airway closure in each local area, D-frames of each zone as shown in Figure 3 were calculated, and they were visualized on dynamic chest radiographs in the form of color display according to the magnitude of the Dframe. The color display used a color table in which negative changes (x-ray translucency j) were shown in warm colors and positive changes (x-ray translucency ,) were shown in cold colors.
RESULTS
The Ability of our Method to Detect Ventilation Figure 5 shows the DLD, measured average pixel values, and D-frame in each lung on dynamic chest radiographs in a normal subject. The interframe variation measured in the area without respiratory influence was less than 0.2%. In all subjects, the average pixel value increased (x-ray translucency ,) during expiration and decreased (x-ray translucency j) during inspiration, and the D-frame showed an inverse correlation with interframe difference of DLD at all positions examined (Table 1 and Figure 6 ). As shown in Table 1 , the correlation coefficient in the dependent lung was greater than that in the nondependent lung in the decubitus position (P G 0.05), and there were no significant differences in the standing position. There were no significant differences in regression slopes between the lungs in any position, as shown in Figure 6 . The ratios of average Dmax of the right lung to that of the left lung in six subjects, calculated based on D-max of the right lung in the PA standing position, were 0.8:2.0 in the left decubitus position, 1.9:0.7 in the right decubitus position, and 1:1 in the PA standing position. D-max in the dependent lung was larger than that in the nondependent lung (P G 0.01) in the decubitus positions, and there were no significant differences between the lungs in the standing position. Figure 7 shows the differences in absolute D-frame in both lungs. In the standing position, Dframes of both lungs were similar throughout all respiratory phases. In contrast, in the right and left decubitus positions, D-frames of the dependent lung were larger than those of the nondependent lung in almost all phases, except at the end of the expiratory phase. position, D-max in the lower zone was greater than that in the upper zone (P G 0.01), and D-max in the thoracic cage side was greater than that in the mediastinum side (P G 0.01) (Figs. 8a and 9s) . In both left and right decubitus positions, D-max in the lower zone was greater than that in the upper zone (P G 0.01) (Fig. 8b ). There were no significant differences between the upper and lower lung fields in the nondependent lung. However, in the dependent lung, a significant difference was observed between the upper and lower lung fields (P G 0.01) (Fig. 9b) .
The Ability of our Method to Detect Regional Differences in Ventilation
Dynamic chest radiographs superimposed with D-frame in each horizontal zone are shown in Figures 10 and 11 . Warm-colored areas show negative changes in pixel value (x-ray translucency j), cold-colored areas show positive changes in pixel value (x-ray translucency ,), and colorless areas show no or little changes in pixel value. The changes in pixel values are expressed by saturation, as shown in the color table superimposed in Figures 10 and 11 . Thus, images in inspiratory phase were mainly warm colors, whereas images in expiratory phase were mainly cold colors. Images in the maximum inspiratory or expiratory phase showed little or no color. In all positions, lower zones are expressed as the area with a large change in almost all phases. However, in both decubitus positions, the horizontal zones where there were large D-frames, shown in deep blue, moved up in the vertical direction during expiration. All six subjects showed the same patterns.
DISCUSSION
In evaluation of the ability of our method to detect ventilation, the average pixel value in each lung was associated with the respiratory phase in all normal subjects. The results indicated that relative ventilation of each lung could be measured from the respiratory changes in pixel values on dynamic chest radiographs. In the decubitus position, correlation coefficients of the dependent lung were greater than those of the nondependent lung. This was explained because the diaphragm overwhelmingly contributes to respiration more than the intercostals muscles, due to limited rib cage movement in the dependent lung.
D-max of the dependent lung was significantly greater than that of the nondependent lung in the decubitus positions. Although the differences were not statistically significant, the regression slope, ie, the respiratory changes in pixel values per diaphragmatic movement, in the dependent lung were slightly larger than those in the nondependent lung in the decubitus position. This was considered due to differences in the location of the lung, ie, gravitational influence, because there were no significant differences in the standing position. The results were consistent with well-known properties in respiratory physiology, in which ventilation is known to be greater in the upper area than in the lower area. Thus, the relative values in each lung, ie, the ratio of IC in the right lung to that in the left lung, could be quantified from D-max on dynamic chest radiographs.
The time when D-frame in the nondependent lung was greater than that in the dependent lung, as seen at the end of expiration in Figure 7a , c, indicated the advantage of ventilation in the nondependent lung. The results indicate that our method was capable of quantifying instantaneous relative ventilation in each lung and detecting airway closure per lung unit.
In the evaluation of regional differences in ventilation, D-max in each horizontal zone showed the same tendency as the regional differences in ventilation determined by respiratory physiology. These results indicate that our method was capable of detecting regional differences in ventilation. However, in both lungs in the standing position and in the nondependent lung in the decubitus positions, D-max in each vertical zone showed a tendency that was contrary to the rule Bventilation in the lower area is greater than that in the upper area.^The primary reason for this was thought to be that these areas contained a large proportion of the lower area. Another reason was that these areas were strongly influenced by the disappearance and reappearance of a portion of the lung during respiration, resulting from the large range of diaphragmatic movement.
On the other hand, the D-frames in each zone reached their maximum values in the lower-first direction, ie, from the lower to the upper area, in expiratory phase in decubitus positions. These results indicate that our method can detect airway closure in the local lung area. However, there were some unexpected results that were contrary to respiratory physiology in the standing position, in which D-frames were negative despite the expiratory phase in the upper zones. Thus, it was difficult to recognize airway closure in the standing position. These results were due to the measurement accuracy of our method. As the directions of measurement zones were perpendicular to the direction of diaphragmatic movement, our method cannot measure average pixel values at the same level of the vertical direction during respiration. In addition, the measured results may be influenced by the degree of rib shadows because the measurement zones were horizontal to the ribs, unlike in the decubitus positions. Thus, it is necessary to develop the method for measuring pixel values in the same location throughout the lungs during respiration. In the abnormal cases, abnormal opacities could have some impact on the measurements. Nongeometric image deformation and measurement in pixel units could be the answer to these problems.
In our previous study, it was shown that the changes in pixel value in the lung had strong association with respiratory phase. 13 In the present study, our method was shown to be capable of measuring spatial and temporal changes of regional relative ventilation. The next step is to investigate the normalization of the data among subjects and the pattern model of the normal lungs. Furthermore, it is necessary to correlate respiratory changes in pixel value with a quantitative number, which directly leads to clinical condition. However, it would be difficult to define as CT value because a volume of lung tissues contribute to each pixel. In the present method, it would be more effective for the diagnosis of pulmonary diseases to compare the results in both lungs or evaluate the distribution. On the other hand, in our ongoing study in combination with an electrocardiogram recorder, the impact of cardiac motion was identified to be less than 10% against the respiratory changes in pixel value. Although it is not considered to have a significant impact on quantification of lung ventilation, it is also necessary to develop a method for noise rejection resulting from cardiac motion.
The main merit of our dynamic study is that it can be used to evaluate the function of each lung separately and that the images can be used to analyze the process of change from inspiration to expiration and vice versa. It should be noted that the dose absorbed with our method is up to 1.5-fold that associated with conventional PA chest radiography using a Fuji Computed Radiography system employed at our hospital. The present method has the potential of becoming widely and conventionally used for analyzing regional lung ventilation because FPD will be more widely used in the near future. Although the present method is inferior to the MRI method because of the lack of 3-dimensional anatomic information and the presence of radiation exposure for patients, it can be utilized as a conventional and likely quick method in the evaluation of regional lung ventilation. Furthermore, our computer algorithm can be applied to future diagnostic modalities such, as 4-dimensional CT.
The main target diseases of our method are COPD and acute pulmonary diseases. Patients with COPD take time to expire, and also ventilate insufficiently due to trapped air. Using our method, it would be possible to detect abnormalities, such as decreases in D-max or D-frame and the early appearance of airway closure at the expiratory phase, in patients with COPD.
CONCLUSION
Breathing chest radiography using an FPD combined with our computerized methods was shown to be capable of quantifying relative ventilation in local lung area and detecting regional differences in ventilation. In addition, it was suggested that our method could detect airway closure occurring at the end of expiration. Although the present method lacks 3-dimensional anatomic information, it is expected to be utilized as a conventional and quick method in the evaluation of regional lung ventilation. Furthermore, our computer algorithm can be applied to future diagnostic modalities, such as 4-dimensional CT.
